Abstract Residue 116 of major histocompatibility complex (MHC) class I heavy chains is an important determinant of assembly, that can influence rates of ER-Golgi trafficking, binding to the transporter associated with antigen processing (TAP), tapasin dependence of assembly, and the efficiency and specificity of peptide binding. Here, we investigated assembly and peptide-binding differences between HLA-B*3501(S116) and HLA-B*3503(F116), two alleles differing only at position 116 of the MHC class I heavy chain, that are associated respectively with normal or rapid AIDS progression. A reduced intracellular maturation rate was observed for HLA-B*3503 in HIV-infected and uninfected cells, which correlated with enhanced binding of HLA-B*3503 to TAP. No significant differences in the intrinsic efficiency of in vitro peptide binding by HLA-B*3501 and HLA-B*3503 were measurable with several common peptides or peptide libraries, and both allotypes were relatively tapasin-independent for their assembly. However, thermostability differences between the two allotypes were measurable in a CD4 + T cell line. These findings suggest that compared to HLA-B*3501, a reduced intracellular peptide repertoire for HLA-B*3503 could contribute to its slower intracellular trafficking and stronger association with rapid AIDS progression.
Introduction
HIV/AIDS is a leading cause of infectious disease mortality worldwide. Among the multiple genetic factors that influence AIDS progression, the human leukocyte antigen (HLA) class I genes have the strongest effects identified to date (Carrington and O'Brien 2003) . HLA-A, -B, and -C genes encode molecules that bind antigenic peptides, and present the peptides to CD8 + T cells, thereby initiating a cytotoxic T cell (CTL) response during infection. Extensive allelic polymorphisms are observed in the HLA-A, B, and C genes, concentrated primarily among nucleotides that encode residues within the peptide-binding grooves of the HLA class I molecules, which determine specificity for the associated peptide ligands (Bjorkman et al. 1987) . Specific HLA alleles, primarily HLA-B alleles, are implicated in influencing AIDS progression rates (Kiepiela et al. 2004) . Consistent associations include delayed progression to AIDS among individuals with HLA-B*27 or -B*57 (Kaslow et al. 1996; Migueles et al. 2000) , and accelerated progression conferred by certain HLA-B*35 alleles Itescu et al. 1992) . In a study by Gao et al. (2001) , accelerated AIDS progression among HLA-B*35-positive individuals was attributed to HLA-B*35-Px alleles (including HLA-B*3503; Gao et al. 2001) . HLA-B*35 subtypes were divided into two groups according to their peptide-binding specificities: (a) the HLA-B*35-PY group, composed of two closely related HLA-B*35 alleles (including the most common, HLA-B*3501), which bind peptides with proline in position 2 and tyrosine in position 9 (Falk et al. 1993) ; and (b) the HLA-B*35-Px group, which also binds peptides with proline in position 2, but with several amino acids excluding tyrosine at position 9 (Steinle et al. 1996) . Although HLA-B*35-PY and HLA-B*35-Px groups differ in their preferences for tyrosine at P9, several other P9 residues are expected to be permissive for both groups.
HLA-B*3501 (PY) and HLA-B*3503 (Px) proteins differ by a single amino acid at position 116 of the heavy chain, which forms the floor of the peptide-anchoring F pocket, and influences specificity for peptide carboxyterminal residues. Structural analyses have shown that residue 116 directly interacts with residue P9 of the bound peptide (Saper et al. 1991; Smith et al. 1996; Tynan et al. 2005) . Recent studies have shown that residue 116 also profoundly influences intracellular assembly characteristics (Khanna et al. 1997; Turnquist et al. 2000; Williams et al. 2002; Zernich et al. 2004; Goodall et al. 2006; Thammavongsa et al. 2006) . Allotypes that differ only at position 116, such as HLA-B*4402(D116) and HLA-B*4405(Y116), display markedly different assembly characteristics. HLA-B*4402 is highly dependent on the MHC class I assembly factor tapasin for its assembly, whereas HLA-B*4405 is relatively tapasinindependent for its assembly (Williams et al. 2002; Zernich et al. 2004 ). Tapasin-independent peptide loading was found to be relatively inefficient for HLA-B*4402 compared to HLA-B*4405, and the rate of ER-Golgi trafficking was reduced for HLA-B*4402 compared to HLA-B*4405, even in tapasin-sufficient cells (Khanna et al. 1997; Thammavongsa et al. 2006) . These assembly differences have been shown to impact the efficiency of induction of a CTL response, with CTL responses against HLA-B*4405 being less efficient compared to HLA-B*4402 (Khanna et al. 1997) . The cell surface expression of HLA-B*4402 has also been found to be more susceptible to viral modulators of MHC class I assembly (Zernich et al. 2004 ). Together, these observations indicate that intracellular assembly differences could strongly impact infectious disease outcomes. Since HLA-B*3501 and HLA-B*3503 differ only at position 116 of their sequences, and have previously been shown to be differentially associated with the transporter associated with antigen processing (TAP; Neisig et al. 1996) , in the studies described here, we compared trafficking and assembly profiles of HLA-B*3501 and HLA-B*3503 with each other and with HLA-B*4402 and HLA-B*4405.
Materials and methods

Cell lines
CEM-SS lines were maintained in RPMI supplemented with 2 mM glutamine, 10% FCS, penicillin, and streptomycin. The preparation of a CEM-SS T cell line stably expressing various MHC-I molecules has been previously described (Kasper and Collins 2003) . For experiments using murine retroviral vectors, retroviral supernatants were prepared as previously described (Pear et al. 1993; Van Parijs et al. 1999 ) except that they were pseudotyped with VSV-G protein. 1×10
6 CEM T cells were spin-transduced with the retroviral supernatants as previously described for HIV infections (Kasper and Collins 2003) . Insect SF21 cells were maintained in Grace's insect media (Invitrogen), supplemented with 10% fetal bovine serum and 500 μg/ml gentamycin (Invitrogen).
DNA Constructs
Retroviral vectors The construction of retroviral vectors encoding HA-tagged HLA-B*4402, HLA-B*4405 and tapasin have been previously published (Thammavongsa et al. 2006) . For retroviral constructs encoding HA-tagged HLA-B*3501 and HLA-B*5701, cDNAs encoding B*3501, and B*5701 were isolated as follows: RNA was prepared from EBV-transformed B cell lines using RNeasy Midi Protocol for isolation of total RNA from animal cells (Qiagen). RT PCR was performed using Superscript First Strand Synthesis Kit (Gibco/Invitrogen). Primers used were as follows: forward primer 5′-GGGAATTCCTCA GAATCTCCTCAGACGCCGAG-3′ (this sequence is found just before the open reading frame of HLA-B sequences) and reverse primer 5′-GGCTCGAGT CAAGCTGTGAGAGACACATCAGA-3′. The RT PCR products were digested with EcoRI and XhoI and ligated into MSCV2.1 (cut with EcoRI and XhoI).
PCR was used to add a nine amino acid hemagglutinin (HA) epitope tag (YPYDVPDYA) to the N-terminus of each MHC-I molecule (just after the leader sequence cleavage site and before the Nae I site as previously described, Roeth et al. 2004 ). As part of this construction, a second glycine-serine was added N-terminal to the tag at the signal peptide cleavage point to reproduce the cleavage site of the class I molecule. The primers used to amplify the HLA-B*3501 leader plus HA sequence were as follows: forward primer (same as above primer), 5′-GGGAATTCCT CAGAATCTCCTCAGACGCCGAG-3′; reverse primer, 5′-TCCCGCCGGCATAGTCGGGTACG TCATACGGATAGG ACCCGGCCCAGGTCTCGGT-3′. The PCR product described above was digested with EcoRI and NaeI and subcloned into a shuttle vector (New England Biolabs, Inc.). The tag plus B3501 leader sequence was then isolated by EcoRI and NaeI digestion of the shuttle vector. The 3′ regions of HLA-B*5701 and HLA-B*3501 (encoding the portion of the protein downstream of the leader sequence) was isolated by digestion of MSCV2.1-HLA-B*5701 and HLA-B*3501 with NaeI and XhoI. Finally, the HLA-B*3501 and HLA-B*5701 NaeI-XhoI fragments and the EcoRI-NaeI fragment from the shuttle vector were ligated into MSCV 2.1 (cut with EcoRI and XhoI) in a three-way ligation to generate MSCV HA-B*5701 and HA-HLA-B*3501.
To make MSCV HA-HLA-B*3503 (B*3501S116F), B*3501 was used as a template for the following primers: forward primer 5′-TCCGCGGGCATGACCAGTTCGCC TA C G A C G G C A A G G A -3 ′ ; r e v e r s e p r i m e r 5 ′ -TCCTTGCCGTCGTAGGCGAACTGGGTCATGCCCGC GGA-3′. HLA-B*3503 was then HA-tagged as described above for HA-HLA-B*5701 and HA-HLA-B*3501.
Baculovirus constructs Construction of soluble histidinetagged HLA-B*3501 has been described previously (Rizvi et al. 2004) . Soluble histidine-tagged HLA-B*3503 was derived from full-length HLA-B*3503 using the following two PCR primers (5″-AAGGATCCGAATTCCCAC CATGCGGGTCACGGCGCCC-3″) and reverse primer (5″-AAGGATCCCACGAGCTAATGATGATGATGAT GATGCTCCCATCTCACGGTGAG-3″). This corresponded to a truncation after the LRWE sequence at residue 299 of the mature protein. The amplified PCR product was digested with BamH1 and ligated into the BamH1 site of a pACUW31 vector that had the chimp β 2 m cDNA ligated into the BglII site. The heavy chain region was sequenced.
Viruses and cell infections
Baculoviruses were generated using the BD Baculogold kit (BD Biosciences Pharmingen). HLA-B*35 heterodimers were purified from baculovirus-infected HighFive insect cell supernatants as described previously (Mancino et al. 2002) .
Retroviruses were generated as previously described (Pear et al. 1993; Van Parijs et al. 1999 ) using Bosc cells, and used to infect CEM and the tapasin-deficient M553 (Belicha-Villanueva et al. 2008) cells. Cells were transduced with retroviruses encoding the class I molecules, and selected by treatment with 1 mg/ml G418 disulfate (SigmaAldrich), and maintained in 0.5 mg/ml G418 disulfate. In M553 cells, after verifying MHC class I expression by flow-cytometric analyses and by immunoblotting analyses of cell lysates, cells expressing HA-tagged class I were transduced with the tapasin retrovirus, and selected by treatment with 1 mg/ml puromycin. Cells were maintained in 0.5 μg/ml puromycin.
Intracellular trafficking and interactions analyses
Antibodies Monoclonal antibody HC-10 recognizes free MHC class I heavy chains (Stam et al. 1990 ), monoclonal antibody anti-HA recognizes the Hemagglutinin epitope tag (YPYDVPDYA), monoclonal antibody W6-32 (Barnstable et al. 1978 ) recognizes correctly folded MHC class I/β 2 m heterodimers, and anti-TAP1 is a rabbit polyclonal anti-sera which is specific for the C-terminus of TAP1 (Androlewicz et al. 1994 ).
Assessment of interactions of MHC class I molecules with TAP Analyses of MHC class I-TAP interactions were performed as described previously using immunoprecipitations with anti-TAP1 (obtained from Dr. Matt Androlewicz), followed by immunoblotting analyses with anti-HA (Thammavongsa et al. 2006 ).
Pulse-chase analyses For sequential immunoprecipitations with W6/32 and anti-HA, 8×10
7 CEM cells expressing various class I molecules were metabolically labeled for 10 min with [
35 S]-methionine and cysteine, and chased for the indicated times. Cells were lysed by incubation for 45 min on ice in a 1% Triton buffer (10 mM Tris, 10 mM phosphate, 130 mM NaCl, 1% Triton X-100, pH 7.5), and then centrifuged for 5 min at full speed in a microcentrifuge. Supernatants were collected and immunoprecipitated for 1 h at 4°C with 5 μL of W6/32 antibody and then with 20 µL of protein A/protein G beads. Beads were washed once with 1% Triton buffer, and boiled for 5 min in the presence of 100 µL of 1% SDS, 5 mM DTT in TBS. The supernatant was removed, and 1% Triton lysis buffer with 10 mM iodoacetamide was added to a volume of 1 mL. The supernatant was then immunoprecipitated with 5 µL of HA antibody and 20 µl of protein A/protein G beads for 1 h at 4°C. The beads were washed three times with RadioImmunoPrecipitation Assay buffer (1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.01 M sodium phosphate, 2 mM EDTA, pH 7.2), boiled for 5 min in 1× denaturing buffer and treated with Endo H glycosidase as per the manufacturers protocol. The samples were then analyzed by 10% SDS-PAGE.
Trafficking rate assessments in HIV-infected cells CEM cells were infected with HIV (NL-PIgag HXB ) as previously described (Collins et al. 1998) and harvested 48 h after infection. Briefly, 15 × 10 6 cells per immunoprecipitation were pulse-labeled for 30 min with [
35 S]-methionine and cysteine and chased for the indicated time. Immunoprecipitations were conducted as described above for uninfected cells.
Flow-cytometric analyses Cells were detached from plates using PBS/EDTA. Cells (2×10 6 ) were washed three times with PBS containing 1% FBS. Cells were then incubated with anti-HA (Covance Scientific) ascites at a 1:250 dilution or with W6/32 or HC10 antibodies for 1 h on ice. Following this incubation, cells were washed three times with PBS+1% FBS. Cells were then incubated for 1 h on ice with FITCconjugated goat anti-mouse IgG (Jackson Laboratories) at 1:250 dilution, followed by washing three times with PBS+ 1% FBS. Cells were analyzed using a Becton FACScalibur cytometer and the CELLQuest software.
Peptide binding and thermostability assays
Thermostability assessments in insect and CEM cells Thermostability assays were performed as described previously (Thammavongsa et al. 2006) . Briefly, proteins in lysates from metabolically labeled insect cells were incubated at 4°C or 37°C for 12 min and then immunoprecipitated with the W6/32 antibody. Ratios of heavy chains recovered at 37°C relative to 4°C were quantified following SDS-PAGE. For thermostability assessments in CEM cells, a total of 4× 10 7 CEM cells expressing HLA-B*3501 and HLA-B*3503 were incubated for 30 min in DMEM (lacking methionine/ cysteine). Cells were metabolically labeled with 0.2 mCi [35S]methionine/cysteine for 10 min, lysed in 1% Triton X-100 lysis buffer (10 mM Tris, 10 mM phosphate, 130 mM NaCl (pH 7.5), and protease inhibitors) and split into two equal aliquots. One aliquot was incubated at 37°C or 50°C for 12 min while the other was left on ice. Sequential immunoprecipitations were conducted with W6/ 32 (primary) and anti-HA ascites (secondary) as described. Following SDS-PAGE, H chain bands recovered under each condition were visualized by phosphorimaging analyses and quantified using ImageQuant.
Direct fluorescent peptide binding to HLA-B*35 Soluble HLA-B*35 heterodimers were purified from baculovirusinfected High-Five insect cell supernatants, using a W6/32 immunoaffinity column, as described previously for other class I molecules (Mancino et al. 2002) . A fluorescent version of LPSSADVEF was obtained by cysteine substitution at position 4 of the sequence and labeling with iodoacetamidofluorescein as previously described (Arora et al. 2001) . A fluorescent version of YPLHEQHGM was obtained by substituting the histidine residue at position 4 with a lysine residue labeled with 5-(and 6-) carboxyfluorescein (C-1311; Molecular Probes). The peptide was then synthesized using standard Fmoc Solid Phase Peptide Synthesis with the special lysine derivative incorporated and the labeled peptide purified using reverse phase HPLC. Proteins and the fluorescently labeled peptides were incubated under the indicated conditions in buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5), followed by native-polyacrylamide gel electrophoresis as described (Mancino et al. 2002; Rizvi et al. 2004 ). HLA-B*35/ fluorescent peptide complexes were visualized by fluorescence imaging of the gels by using a FluorImager SI Fluorescence Scanner (Molecular Dynamics). Fluorescent bands were quantified and background-subtracted using IMAGEQUANT software.
Effects of HLA-B alleles on HIV disease progression rates
Analyses of the effects of HLA on HIV disease progression and HLA typing were performed previously . Four AIDS-related outcomes were considered end points of survival analysis: a CD4 T-lymphocyte count of less than 200 per cubic millimeter, progression to AIDS according to the 1993 definitions of the Centers for Disease Control and Prevention (CDC), progression to AIDS according to the CDC's more restrictive 1987 definition, and death from an AIDS-related cause. Data management and statistical analyses were performed with SAS 9.1 (SAS Institute, Cary, NC). PROC LIFETEST and PHREG were used for Cox model analyses.
Results
ER export rates of HLA-B allotypes in CD4+ T cells
As described above, HLA-B allotypes have prognostic significance in HIV disease. To better understand the explanation for this observation, we sought to characterize the assembly and intracellular trafficking of a panel of relevant HLA-B allotypes in CD4+ T cells. To accomplish this goal, we created CD4+ CEM T cell lines expressing HA-tagged versions of each MHC-I allotype. The Nterminal HA-tag allowed the direct comparison of each HLA-B molecule of interest in a consistent manner and allowed them to be distinguished from endogenous MHC class I heavy chains. Previous studies have demonstrated that tagging HLA-A2 in this manner did not influence the intracellular trafficking of this molecule (Roeth et al. 2004 ). In analyses of surface expression, we observed similar levels of cell surface expression of both HLA-B35 allotypes examined (Table 1) .
We assessed the rate of intracellular trafficking by pulsechase and endo H digestion. Acquisition of resistance to endo H serves as an indication of migration into the medial Golgi apparatus where proteins are modified such that endo H is no longer active. Based on current models of the class I assembly pathway, the major steps involved in MHC class I assembly in the ER include (1) the formation of heterodimers (2) peptide loading of heterodimers, and (3) dissociation of heterodimers from the TAP complex. The antibody W6/ 32 (Barnstable et al. 1978 ) which recognizes only assembled MHC class I heterodimers, was used to compare trafficking rates of HA-tagged molecules. HLA-B*3501(S116) and HLA-B*3503(F116) differ only at position 116 of their heavy chain sequences, as do HLA-B*4402(D116) and HLA-B*4405(Y116). Variations at position 116 are expected to impact peptide loading of heterodimers, and thus, pulse-chase comparisons with the W6/32 antibody allowed for comparisons of the rates of peptide loading within the two sets of closely related allotypes.
Compared to HA-HLA-B*3501, a reproducible reduction in kinetics of HA-HLA-B*3503 ER exit was observed ( Fig. 1a and b) . The extent of the differences between HA-HLA-B*3501 and HA-HLA-B*3503 were smaller compared to that between HA-HLA-B*4402(D116) and HA-HLA-B*4405(Y116; Fig. 1c and d) . Among the five allotypes analyzed, HA-HLA-B*4402 and HA-HLA-B*4405 displayed the slowest and most rapid intracellular trafficking rates, respectively (Fig. 1) . The trafficking rate of HA-HLA-B*4405 was closely matched with that of HA-HLA-B*3501 ( Fig. 1a and b) . HA-HLA-B*5701 and HA-HLA-B*3503 displayed intermediate rates of trafficking ( Fig. 1a and e) . The relative hierarchy of trafficking rates was found to be HA-HLA-B*4405=HA-HLA-B*3501>HA-HLA-B*5701=HA-HLA-B*3503>HA-HLA-B*4402. We asked whether the differences in the rate of transport of HLA-B*3501 and HLA-B*3503 observed in uninfected CEM cells (Fig. 1a) were also maintained in HIV-infected CEM cells. The transport rates of both HA-HLA-B*3501 and HA-HLA-B*3503 were found to be reduced in HIVinfected cells compared to uninfected cells ( Fig. 2b and c ; these experiments yielded lower signals and therefore used a longer pulse than those shown in Fig. 1 , which resulted in higher levels of Endo H resistant molecules at the zero time point). Slowing of HLA-B*35 trafficking out of the ER in HIV-infected cells compared to uninfected cells may be related to previously described observations that HIV infection inhibits TAP activity and induces a reduction in rate of Endo H resistance acquisition of MHC class I molecules (as assessed by immunoprecipitation with W6/ 32, Kutsch et al. 2002) . Despite the slowing of the overall HLA-B*35 transport rate that was induced by HIV infection, the differences in rates of transport between HA-HLA-B*3501 and HA-HLA-B*3503 were maintained in HIV-infected cells as in uninfected cells (Fig. 2c) .
Differences in steady-state TAP binding by HLA-B*3501 and HLA-B*3503
The slower rate of trafficking of HA-HLA-B*3503 compared to HA-HLA-B*3501 allowed detection of TAP1 complexes with HA-HLA-B*3503 (Fig. 3, lower panel,  lanes 2 and 7) . The slower rates of trafficking of HA-HLA-B*5701 and HA-HLA-B*4402 also allowed for the detection of TAP complexes with these allotypes (Fig. 3,  lower panel, lanes 3 and 4) . The amounts of each of these allotypes recovered in complex with TAP (Fig. 3, lower  panel) correlated with the amounts of class I detected in the lysates (Fig. 3, upper panel) . However, the allotypes that showed more rapid rates of ER export (HA-HLA-B*3501 and HA-HLA-B*4405) were not detectable in association with TAP at steady state (Fig. 3, lower panel, lanes 5 and  6) . Thus, an overall trafficking rate resembling that of HA-HLA-B*3501 must be just above the threshold where visualizing TAP binding in the steady state is no longer possible.
Similar tapasin-dependence profiles of HLA-B*3501 and HLA-B*3503
We next examined cell surface expression levels of various HLA-B alleles in the human tapasin-deficient melanoma cell line, M553 (Belicha-Villanueva et al. 2008 ). This cell line was chosen for analyses of tapasin dependence of the HLA-B assembly since tapasin's effect on MHC class I assembly (rather than TAP stabilization) appears to be the predominant function of tapasin in this cell line (BelichaVillanueva et al. 2008) . Flow-cytometric analyses were used to compare tapasin dependencies of the different HLA-B allotypes analyzed (Fig. 4) . Following infection with each HLA-B-encoding virus and selection with neomycin, surface expression of each allotype in the surviving population of cells was assessed using flowcytometric analyses with an anti-HA antibody. In these analyses, surface expression of HA-HLA-B*4402 was essentially undetectable. By contrast, high levels of HA-HLA-B*4405 cell surface expression was observed in the absence of tapasin. These observations are consistent with the reported tapasin dependence and independence respectively, of HLA-B*4402 and HLA-B*4405 (Williams et al. 2002; Zernich et al. 2004 ). Significant levels of HA-HLA-B*3501 were detectable in the absence of tapasin, and HA-HLA-B*3503 was also detectable at significant levels in the absence of tapasin. Low levels of HA-HLA-B*5701 were detectable, consistent with the recent report of the low expression level of the endogenous HLA-B*5701 of M553 cells in the absence of tapasin (Belicha-Villanueva et al. 2008) . Tapasin dependence as measured by the anti-HA antibody largely correlated with tapasin dependence assessed by the heterodimer-specific w6/32 antibody (Fig. 4) . As recently reported for the endogenous HLA class I molecules of M553 cells (Belicha-Villanueva et al. 2008) , increasing TAP expression (by IFN-γ treatment) had only small effects on increasing HA-HLA-B expression in the absence of tapasin (data not shown).
The mean fluorescence of cells infected with viruses encoding the indicated HA-tagged class I molecules were measured and plotted as a ratio relative to the mean fluorescence of the parent uninfected M553 cells (Fig. 5a) , and representative immunoblots from one set of infected cells are shown in Fig. 5b . The immunoblotting analyses showed different steady-state levels of HLA-B allotypes, with the level of expression of HA-HLA-B*3503 being the lowest of all five allotypes compared (Fig. 5b) . Despite the lower expression of HA-HLA-B*3503 compared to HA-HLA-B*4402 and HA-HLA-B*5701, higher levels of cell surface HA-HLA-B*3503 was detectable, indicating that HA-HLA-B*3503 is relatively tapasinindependent for assembly and cell surface expression. The intrinsic assembly efficiency of HA-HLA-B*3503 must be higher than those of HA-HLA-B*4402 and HA-HLA-B*5701, which likely accounts for higher tapasin-independent surface expression phenotype of HA-HLA-B*3503. HA-HLA-B*3503 was expressed at slightly lower levels on the surface of tapasin-deficient cells compared to HA-HLA-B*3501 (Figs. 4 and 5a) . Total HA-HLA-B*3503 expression in lysates was also lower compared to HA-HLA-B*3501 (Fig. 5b) . This result was observed in three separate infections of M553 cells M553 cells expressing the different HLA-B allotypes were next infected with a tapasin-encoding retrovirus that conferred puromycin resistance. Following selection with puromycin, total and surface class I expression was assessed by immunoblotting and FACS analyses, respectively, with anti-HA ( Fig. 5b and c) , and tapasin expression was verified by immunoblotting analyses (Fig. 5b) . In general, higher levels of each class I were detectable in cell lysates in the presence of tapasin, indicating that tapasin influenced the assembly/stability of all allotypes to some extent (Fig. 5b) . For a given allotype, the extent of tapasininduced surface expression was highly dependent on tapasin expression levels (data not shown), as reported in other tapasin-deficient cells (Everett and Edidin 2007) ; thus, relative surface expression in the absence of tapasin (Figs. 4 and 5a) provided a better measure of tapasin dependence than relative tapasin-mediated induction (Fig. 5c) . In general, however, at comparable tapasin concentrations, the smallest tapasin-induced enhancement was observed for allotypes that were most highly expressed in the absence of tapasin (HA-HLA-B*4405, HA-HLA-B*3501, and HA-HLA-B*3503), and the most significant enhancements were observed for those allotypes that were poorly expressed in the absence of tapasin (HA-HLA-B*5701 and HA-HLA-B*4402). However, some degree of tapasin-induced surface expression was observed for all the HLA-B allotypes that were analyzed. To further understand whether those differences may reflect differences in the intrinsic efficiency of peptide loading as was observed for HLA-B*4402 and HLA-B*4405, we examined differences in peptide loading between soluble forms of the two allotypes in insect cells, or as purified proteins. Insects lack an adaptive immune response, and insect cells therefore do not express components of the MHC class I antigen processing machinery, including TAP and tapasin. Thus, MHC class I molecules expressed in insect cells are largely peptide-deficient, allowing for comparisons of intrinsic efficiencies of loading of closely related allotypes, as previously described (Thammavongsa et al. 2006) . To broadly compare efficiencies of loading of a large number of peptides by HLA-B*3501 and HLA-B*3503, we synthesized two random nonamer peptide libraries; one which was completely random at each position (xxxxxxxxx) and the other containing a proline at position 2, which is critical for binding to both HLA-B*3501 and HLA-B*3503 (xPxxxxxxx) (Falk et al. 1993; Steinle et al. 1996) . A thermostability assay was first used to compare the abilities of soluble HLA-B*3501 and HLA-B*3503 to bind the peptides (Fig. 6a and b) . The levels of heavy chain stabilization in the presence of the completely random peptide (xxxxxxxxx) were similar for both HLA-B*3501 and HLA-B*3503 at all of the peptide concentrations tested, with higher thermostability being observed at higher concentrations of exogenous peptide (Fig. 6a) . As expected, compared to the completely random peptide library, the random peptide library with proline at position 2 induced enhanced stabilization of both HLA-B*3501 and HLA-B*3503 (Fig. 6b) . However, no significant differences in stabilization conferred to HLA-B*3501 and HLA-B*3503 were observed. This result is in contrast to results obtained with similar experiments undertaken with HLA-B*4402 and HLA-B*4405, which revealed significant differences in stabilization efficiencies of those two allotypes by appropriate random peptide libraries in thermostability assays undertaken at 37°C (Thammavongsa et al. 2006) .
Recent reports have shown that HLA-B*35 molecules are able to bind peptides of up to 14 amino acids in length (Green et al. 2004; Tynan et al. 2005) . The extended peptide has been shown to be bound to HLA-B*35 in a distinct conformation; with the amino and carboxyl termini of the peptide anchored into the peptide binding groove and the additional amino acids creating an outward "bulge" in the center of the peptide (Tynan et al. 2005) . We thus examined whether peptides with extended lengths were also able to bind to HLA-B*3503, and whether there were differences in the abilities of HLA-B*3501 and HLA-B*3503 to recognize long peptide sequences. Such a difference could significantly impact the number of peptides that are able to bind to each allotype, and influence peptide repertoires during infection. We synthesized an 11-mer peptide containing a proline at position 2 of the peptide. This peptide also contained a fixed methionine at the C-terminus, as a C-terminal methionine appears to be a preferential anchor for both HLA-B*3501 and HLA-B*3503 (Steinle et al. 1996) . When the thermostabilities of HLA-B*3501 and HLA-B*3503 were analyzed in the presence of this 11-mer peptide library (xPxxxxxxxxM), thermostability of HLA-B*3503 was enhanced to levels similar to that of HLA-B*3501 at two peptide concentrations tested (Fig. 6c) . Thus, similar to HLA-B*3501, HLA-B*3503 is capable of efficiently loading long peptides.
To further examine loading of specific peptides onto HLA-B*3501 and HLA-B*3503, three known HLA-B*35 specific peptides (LPSSADVEF, LPSSADVEFCL, and YPLHEQHGM) were used in the thermostability assays. These peptide sequences have been shown to elicit HLA-B*3501 and HLA-B*3503 specific T cell responses (Lee et al. 1995; Morel et al. 1999 ). Compared to the random peptides, these specific peptides were more efficient stabilizers of HLA-B*35, with slightly higher thermostability conferred to soluble HLA-B*3501 compared to HLA-B*3503 (Fig. 6d-f) . The importance of a proline residue at position 2 of the peptide is exemplified in Fig. 6f, To more precisely examine differences in the intrinsic kinetics of peptide loading onto HLA-B*3501 and HLA-B*3503, we examined binding of fluorescently labeled versions of LPSC F ADVEF, YPLK F EQHGM, as well as a random xPxK F xxxxM library to purified soluble forms of HLA-B*3501 and HLA-B*3503. As with the thermostability measurements, no significant differences in the intrinsic efficiency of loading of these peptides to HLA-B*3501 and HLA-B*3503 were apparent with the fluorescent peptide-based binding experiments, after normalizing for total protein amounts. Thermostability assays were, however, sufficient to detect intrinsic peptide loading efficiency differences between HLA-B*4405 and HLA-B*4402 (Thammavongsa et al. 2006) , consistent with the more dramatic differences in trafficking rates between HLA-B*4402 and HLA-B*4405 compared to those between HLA-B*3501 and HLA-B*3503 (Fig. 1) .
Thermostability differences between HLA-B*3501 and HLA-B*3503 in CEM cells suggest a reduced ER peptide repertoire for HLA-B*3503
The results described in Fig. 6 suggested that there were no differences in the intrinsic kinetics of loading for a large number of peptides of common specificities for both allotypes. There are, however, known specificity differences between the two allotypes (Steinle et al. 1996) , and an over-representation of HLA-B*3501-specific peptides in the ER could account for the observed differences in rates of trafficking between HA-HLA-B*3501 and HA-HLA-B*3503. While quantitative differences in the endogenous peptide concentrations are hard to measure directly, thermostability differences between the two allotypes could be reflective of variations in peptide availability. To investigate whether such differences were observable, thermostability analyses were undertaken in CEM/B35 cells, by primary and secondary immunoprecipitations with w6/32 and anti-HA, respectively, following heating of the lysates to 37°C or 50°C, and quantifying percent heated/ untreated heavy chains recovered for each allotype over multiple independent analyses. As shown in Fig. 7 , higher levels of thermostable HA-HLA-B*3501 heavy chains were observed at early (10 min) and late (4 h) time points postsyntheses, when lysates were heated to 37°C. While the amount of thermostable heavy chains increased for both allotypes at the late time point, differences in levels of thermostable heavy chains between HA-HLA-B*3501 and HA-HLA-B*3503 were maintained even at the late time point. When these analyses were undertaken following incubations of lysates at 50°C, no significant differences in thermostable heavy chains were observable at the early time point when neither repertoire is expected to be completely optimized, whereas significant differences between HA-HLA-B*3501 and HA-HLA-B*3503 were observed at the late time point. Taken together with the analyses of 
Discussion
The CTL response against HIV disease is important for controlling viremia. Recent epidemiological data suggests that antigen presentation of CTL epitopes by different HLA-B allotypes is an important determinant of disease prognosis. In this study, we characterized the relative rates of intracellular trafficking and assembly of a panel of HLA-B allotypes that have prognostic significance in HIVinfected people. The trafficking profiles of the allotypes investigated in this study can be classified as (a) Group A (HA-HLA-B*4405 and HA-HLA-B*3501), with rapid assembly rates, undetectable TAP binding in the steadystate, and tapasin-independent surface expression (b) Group B (HA-HLA-B*5701 and HA-HLA-B*3503), with intermediate trafficking rates, detectable TAP binding in the steady state, and variable tapasin dependencies and (c) Group C (HA-HLA-B*4402), the slow-assembling, highly tapasin-dependent allotype, with readily detectable TAP binding in the steady state. Thus, observations in the literature relating to TAP association, tapasin dependence, and rates of ER exit appear, to some extent, to be inter-related. The formation of heterodimers, the peptide loading of heterodimers or the availability of peptides could be a ratelimiting step in the assembly of HLA-B molecules that display slow intrinsic assembly rates. HLA-B molecules with slow intrinsic assembly rates are in prolonged ER residence, thus making TAP interactions with such allotypes also detectable in the steady state. Rapid rate of trafficking of HA-HLA-B*4405 and HA-HLA-B*3501 correlated with tapasin independence, and the slowesttrafficking allotype HA-HLA-B*4402 was strongly tapasindependent (Figs. 4a and 5) , consistent with tapasin's assembly-promoting functions Everett and Edidin 2007; Lehner et al. 1998; Lybarger et al. 2001; Zarling et al. 2003) . The tapasin dependence of allotypes with the intermediate rates of trafficking were harder to predict, with HA-HLA-B*5701 being more strongly tapasin-dependent than HA-HLA-B*3503 (Figs. 4 and 5a) . It is possible that HA-HLA-B*5701 has a slower intrinsic rate of peptide loading compared to HA-HLA-B*3503, which results in the stronger tapasin dependence of HLA-B*5701. On the other hand, the rate-limiting step in HA-HLA-B*3503 assembly may relate to peptide availability rather than reduced intrinsic kinetics of peptide loading (Figs. 6 and 7) , making HLA-B*3503 relatively tapasin-independent for its assembly. Indeed, the tapasin dependencies of HA-HLA-B*3501 and HA-HLA-B*3503 showed only small differences (Figs. 4 and 5a) , consistent with similarities in their in intrinsic peptide loading efficiencies (Fig. 6) .
It has been shown that HLA-B*4405 + virus carriers showed a high frequency of CTL precursors for an EpsteinBarr virus (EBV) epitope, whereas HLA-B*4402 + virus carriers consistently showed a weaker response. HLA-B*4405 + target cells were recognized more efficiently than HLA-B*4402 + target cells, regardless of whether the CTLs were derived from HLA-B*4405 + individuals or from HLA-B*4402 + individuals (Khanna et al. 1997) . Thus, allotypes such as HLA-B*4405 that assemble and exit the ER more rapidly, may be advantageous for the CTL response. To further understand possible mechanisms that could underlie differential AIDS progression rates associated with HLA-B*3501 and HLA-B*3503, we compared assembly, trafficking, and peptide loading of these two allotypes.
In CEM cells, the maturation and transport of HA-HLA-B*3503 was consistently slower relative to HA-HLA-B*3501 (Figs. 1 and 2) . Consistent with the slower maturation rate, enhanced association of HA-HLA-B*3503 with the TAP transporter was also observed in the CEM T cell line (Fig. 3) , as previously observed in PBLs (Neisig et al. 1996) . The slower rate of trafficking did and HLA-B*3503 in insect cells or as purified proteins. Sf21 cells were infected with baculoviruses encoding the indicated soluble HLA-B*35/β 2 m constructs, metabolically labeled, and thermostability analyses conducted in the absence (−) or presence of a a randomized nonamer library at the indicated concentrations, b randomized nonamer library with a proline at position 2 at the indicated concentrations, c randomized 11mer library with a proline at position 2 and methionine at position 11 at the indicated concentrations, d 0, 10, or 100 μM LPSSADEVF as indicated, e 0, 10, or 100 μM LPSSADEVFCL as indicated, f 0 or 100 μM YPLHEQHGM, or YFLHEQHGM as indicated. Lysates were incubated at 4°or 37°for 12 min, followed by immunoprecipitation analyses with w6/32. Samples were separated by SDS-PAGE and proteins visualized by phosphorimaging analyses. (upper panels) Representative images of heavy chains recovered at 4°C and 37°C in the absence or presence of peptide, following SDS-PAGE. (lower panels) Quantifications of ratios of heavy chains recovered at 37°C relative to 4°C under the indicated condition. Error bars represent the standard error of the mean (SEM) percentages. Data are the average of three, two, four, two, two, and two experiments respectively for (a-f). Purified HLA-B*35 (2 μM) and (g) LPSC F ADVEF (0.2 μM) or (h) YPLK F EQHGM (H; 0.2 μM) or (i and j) XPXK F XXXXM at the indicated concentrations were incubated at 37°C for i 1 h or j 2 h. Mixtures were separated by native-PAGE and protein-peptide complexes were quantified by fluorimaging analyses of gels. Representative fluorescent scans of native gels are shown in the upper and lower panels display quantifications of fluorescent bands as percentage fluorescence relative to the maximum fluorescence within each experiment. Data is the average of two independent analyses and the error bars represent the standard error of the mean percentage fluorescence not correlate with significantly reduced rates of intrinsic in vitro peptide loading of HLA-B*3503 compared to HLA-B*3501, with epitopes and peptide libraries that were common to both allotypes, indicating comparable kinetics of assembly with epitopes that are common to both allotypes (Fig. 6) . However, peptide loading of HA-HLA-B*3503 was reduced compared to that of HA-HLA-B*3501 in CEM cells (Fig. 7) . It is likely that the known specificity differences between HLA-B*3501 and HLA-B*3503 (Falk et al. 1993; Steinle et al. 1996) contribute to an over-representation of HLA-B*3501 specific peptides in the ER, which in turn could contribute to the observed intracellular trafficking differences between HLA-*3501 and HLA-B*3503. HLA-B*3503 is associated with rapid AIDS progression for all AIDS outcomes (absolute CD4 T cell count, mortality, and the CDC classification of AIDS in 1987 and 1993), whereas HLA-B*3501 is associated with rapid AIDS progression only for the AIDS 1993 outcome (Fig. 8 and Gao et al. 2001) . If the HIV peptide repertoire of HLA-B*3503 in the ER is inherently more restrictive than that of HLA-B*3501 by the exclusion of all epitopes containing C-terminal tyrosines, a reduced diversity of the HLA-B*3503-specific CTL response could contribute to the stronger association of HLA-B*3503 with rapid AIDS progression. Indeed, the presence of a C-terminal tyrosine on a peptide, a peptide sequence permissive for HLA-B*3501 but not HLA-B*3503, is strongly favored for transport by TAP (Uebel et al. 1997) .
A ranking of relative hazard ratios for AIDS progression for HLA-B allotypes considered in this study was HLA-B*3503 > HLA-B*3501 > HLA-B*4402 > HLA-B*5701 (Fig. 8 for high-resolution HLA typing and O'Brien et al. 2001 for low-resolution typing); whereas the ranking for intracellular trafficking rates was HLA-B*3501>HLA-B*3503=HLA-B*5701>HLA-B*4402 (Fig. 1) , indicating no correlations between the two sets of measurements. HLA-B*3503, which is associated with more rapid AIDS progression matures with an efficiency similar to that of HLA-B*5701, a highly protective allotype. Additionally, HLA-B*3503 is not expected to sequester the TAP complex components more significantly than HLA-B*5701 (Figs. 3 to 5). Slow tapasin-dependent assembly such as that , and significance were calculated for a dominant model as previously described . The ranges in sample size and p values were as follows: B*5701 (N=75-78), p=0.00003-0.003 for the four outcomes indicated (significantly associated with slow AIDS progression for all AIDS outcomes); B*4402 (N=128-137), p=0.22-0.62 for the four outcomes indicated; B*3501 (N=117-123), p=0.07 (CD4<200), 0.13 (AIDS 87), 0.03 (AIDS 93), and 0.13 (Death) (significantly associated with rapid AIDS progression only by the AIDS 93 criteria); B*3503 (N=40-43) p=0.004 (CD4<200), 0.001 (AIDS 87), 0.01 (AIDS 93) and 0.004 (Death) (significantly associated with rapid AIDS progression for all four AIDS outcomes). HLA-B*4405 is a very rare allele in the study cohort, and its effect on AIDS progression could not be studied observed with HLA-B*5701 may confer a protective advantage by allowing sufficient ER residence time for pathogen-specific epitopes to be consistently sampled by MHC class I and presented to CTL. Conversely, rapid tapasin-independent trafficking could result in inconsistent loading/presentation of some pathogen-specific epitopes. In line with this possibility, a recent study by Altfeld et al. described that CD8+ T cell responses to particular HIV epitopes presented by HLA-B*57 were observed at high frequencies in a study cohort of HIV-infected individuals who were HLA-B*57-positive (Altfeld et al. 2006 ). In the same study, the frequencies of responses to several HLA-B*35-specific HIV epitopes were low, and of the tested epitopes, a large number are expected to be specific for HLA-B*35(PY), due to the presence of a C-terminal tyrosine. The advantage of the slower trafficking of HLA-B35(Px) group may be overridden by a more restrictive peptide HIV-specific peptide repertoire of the HLA-B35 (Px) group. That not every slow-trafficking tapasindependent allotype is protective is also exemplified by the association of the slowest-trafficking allotype (HLA-B*4402) with normal AIDS progression (Fig. 8 for highresolution HLA typing and (O'Brien et al. 2001) for low-resolution typing); protection undoubtedly also correlates with the availability of optimal pathogen-derived peptides specific for a given MHC class I molecule, and it is also possible that beyond a threshold, high-assembly inefficiency results in inefficient CD8+ T cell responses.
